Introduction
IFN-α has been used extensively in the treatment of metastatic melanoma and mediates the regression of advanced disease in 15-20% of patients when it is administered at high doses (1, 2) . IFN-α has also proven to be an effective adjuvant to surgical resection of high risk lesions (e.g., tumors involving the regional lymph nodes or measuring more than 4 mm in Breslow thickness) (3) . Despite these findings, it remains unclear whether IFN-α mediates its antitumor effects through stimulation of the host immune system, by a direct effect upon the tumor cell, or both (4) . In the host, IFN-α has distinct immunomodulatory actions that may provide an important link between the innate and adaptive immune responses (5) . IFN-α also exerts direct effects on tumor cells. It is a potent inhibitor of proliferation in vitro and strongly upregulates tumor cell expression of MHC class I antigens and adhesion molecules such as ICAM-1 and L-selectin (6, 7) . It has also been demonstrated that IFN-α effectively inhibits the release of tumor-derived, proangiogenic factors such as bFGF (8, 9) . Since therapy with IFN-α can be time consuming and complicated by severe toxicities (3) , it is desirable to identify specific molecular targets within immune effectors and/or malignant cells that contribute to its antitumor activity.
The binding of IFN-α to its receptor activates two receptor-associated Janus family kinases, Jak1 and Tyk2, which phosphorylate the cytoplasmic tails of the interferon receptor subunits IFNAR-1 and IFNAR-2 on specific tyrosine residues. These phosphotyrosine residues provide docking sites for latent cytoplasmic transcription factors belonging to the signal transducer and activator of transcription (STAT) family of proteins, which are phosphorylated after ligand binding (10, 11) . IFN-α signaling leads to formation of a DNA binding complex known as the interferon-stimulated gene factor 3 (ISGF3), which consists of STAT1-α (or STAT1-β, an inactive form), STAT2, and a p48 DNA IFN-α activates the signal transducer and activator of transcription (STAT) family of proteins; however, it is unknown whether IFN-α exerts its antitumor actions primarily through a direct effect on malignant cells or by stimulating the immune system. To investigate the contribution of STAT1 signaling within the tumor, we generated a STAT1-deficient melanoma cell line, AGS-1. We reconstituted STAT1 into AGS-1 cells by retroviral gene transfer. The resulting cell line (AGS-1 STAT1 ) showed normal regulation of IFN-α-stimulated genes (e.g., H2k, ISG-54) as compared with AGS-1 cells infected with the empty vector (AGS-1 MSCV ). However, mice challenged with the AGS-1, AGS-1 STAT1 , and AGS-1 MSCV cell lines exhibited nearly identical survival in response to IFN-α treatment, indicating that restored STAT1 signaling within the tumor did not augment the antitumor activity of IFN-α. In contrast, STAT1 -/-mice could not utilize exogenous IFN-α to inhibit the growth of STAT1 +/+ melanoma cells in either an intraperitoneal tumor model or in the adjuvant setting. The survival of tumor-bearing STAT1 -/-mice was identical regardless of treatment (IFN-α or PBS). Additional cell depletion studies demonstrated that NK cells mediated the antitumor effects of IFN-α. Thus, STAT1-mediated gene regulation within immune effectors was necessary for mediating the antitumor effects of IFN-α in this experimental system. binding protein known as interferon regulatory factor 9 (IRF9) (12) . ISGF3 initiates transcription of IFN-sensitive genes through its interaction with a shared promoter element, the interferon-stimulated response element (ISRE) (13) . Several studies have shown that the antitumor activity of innate and specific immune effectors (e.g., NK cells and T cells) is strongly modulated by IFN-α and its downstream signaling pathways (14, 15) .
The fact that IFN-α-resistant cell lines frequently exhibit defects in Jak-STAT signaling and the observation that STAT1-deficient (STAT1 -/-) mice manifest severe immune deficiencies suggested to us that the antitumor effects of IFN-α might proceed through multiple mechanisms. To investigate the contribution of STAT1-mediated gene regulation within the tumor cell, we examined the antitumor effects of IFN-α in normal mice bearing STAT1-deficient murine melanoma cell lines. To investigate the role of STAT1-mediated gene regulation within the host, we compared the antitumor effects of IFN-α in STAT1 -/-and STAT1 +/+ mice bearing STAT1-competent melanoma cell lines. We found that reconstitution of STAT1 signal transduction in a STAT1-deficient melanoma cell line did not increase the antitumor effects of IFN-α in a normal host. In contrast, STAT1 -/-mice bearing the STAT1-competent B16 murine melanoma cell line derived no survival benefit from the administration of IFN-α. These results indicated that the antitumor effects of IFN-α could not proceed in the absence of STAT1 signal transduction within host tissues.
Methods
Reagents and cell lines. Murine IFN-α (specific activity, 3.3 × 10 6 U/mg, Access Biochemical, San Diego, California, USA) was administered though the intraperitoneal route at a dose of 2 × 10 4 U per day. Cytokine reagents contained less than 0.015 EU/ml endotoxin as measured by the E-Toxate system (Sigma-Aldrich, St. Louis, Missouri, USA). NK cells were depleted through intraperitoneal administration of an anti-asialo GM1 Ab (Wako BioProducts, Richmond, Virginia, USA) every 3 days beginning 2 weeks before injection of cytokines (0.2 mg per injection) (16) . We have previously demonstrated that this technique results in the depletion of over 97% of NK cells in the peripheral blood and spleen as measured by flow cytometric analysis with a phycoerythrin-labeled (PE-labeled) pan-NK Ab (16) . The murine melanoma cell lines B16F1 (parental line) and B16F10 (metastatic variant) were grown as adherent monolayers in RPMI-1640 media supplemented with 10% FCS and antibiotics (17) . The murine melanoma cell line JB/MS was obtained from Vincent Hearing (National Cancer Institute, Bethesda, Maryland, USA) and grown as an adherent monolayer in DMEM supplemented with 10% FCS, sodium bicarbonate, 4 mM L-glutamine, 1% vitamins, 1% sodium pyruvate, 1% nonessential amino acids, and antibiotics (18) .
Animals. STAT1 -/-mice (C57BL/6 background) were generated by homologous recombination as previously described and housed in a pathogen-free environment (19) . C57BL/6 mice and C.B-17 scid/scid (SCID) mice (C57BL/6 background) were purchased from Taconic Farms Inc. (Germantown, New York, USA) (20) . All experiments were performed in compliance with the laws and guidelines of the Institutional Laboratory Animal Care and Use Committee of The Ohio State University.
Induction of the STAT1 -/-tumor cell line AGS-1. The dorsal area of 6-day-old STAT1 -/-mice was treated with a 0.4% solution of 7,12-dimethylbenz[a]anthracene (Sigma-Aldrich) for 2 weeks as described (17) . After a 2-week rest, mice were treated with croton oil diluted to 2.5% in acetone (Sigma-Aldrich). Once nevi were visible (12-14 weeks), mice were exposed to ultraviolet light (302 nm) for 10-minute intervals three times per week. Tumors were harvested and digested in collagenase solution as described (17) . Tumor phenotype was confirmed by histologic analysis after hematoxylin and eosin staining and immunohistochemistry for HMB-45, vimentin, and S-100. Absence of STAT1 protein and STAT1 activation in response to IFN-α in the AGS-1 cell line was confirmed by immunoblot analysis and the electrophoretic mobility shift assay (EMSA) (see below).
EMSA. Activation of STAT1 by IFN-α in the AGS-1 cell line was evaluated by EMSA. Whole-cell extracts were prepared and analyzed as previously described by Sadowski et al. (21) . A double-stranded oligonucleotide with affinity for activated murine STAT1 (5′-GATCCGATTC-CGGGAATCA-3′) served as an indicator for the DNA binding of phosphorylated STAT1 (22) . Oligonucleotides were end labeled using T4 kinase and [ 32 P]dATP. Wholecell extracts were preincubated in 20 µl of reaction buffer (50 mM HEPES [pH 7.9], 250 mM KCl, 5 mM EDTA, 25 mM MgCl 2 , 50% glycerol, 25 mM dithiothreitol, and 5 mg/ml BSA) containing 5 µg of poly(dI-dC) for 15 minutes on ice. Labeled probe (20,000 cpm) was then added, and the reaction was continued for 15 minutes at room temperature. Ten microliters of the reaction mixture were loaded onto a 4% polyacrylamide gel in 0.5 × Tris-borate EDTA buffer and electrophoresed at 120 V. The radioactive pattern was visualized by overnight autoradiography.
Reconstitution of STAT1 into AGS-1 cells. STAT1 signaling was restored in the AGS-1 cell line by transduction with a murine stem cell virus-based (MSCV-based) retroviral vector as previously described (23) . The genome of this virus contains 5′ and 3′ long terminal repeats (LTRs), a multiple cloning site, and an internal ribosomal entry signal (IRES) followed by the enhanced green fluorescent protein (EGFP) coding region. A plasmid containing the STAT1 coding sequence was obtained from M. Holtzman (St. Louis, Missouri, USA) (24) . The STAT1 sequence was excised with SacII, blunted with Klenow fragment DNA polymerase, and digested with BamHI to generate a sticky end 5′ to the STAT1 coding sequence. This strategy permitted the directional cloning of the STAT1 sequence into the BamHI/HpaI-digested MSCV retroviral genome. The genes encoding STAT1 and EGFP are expressed as a single transcript but are translated separately. To generate retroviral supernatants, 293T cells were transiently transfected by calcium phosphate-mediated coprecipitation as previously described (25) . Briefly, 1.5 × 10 7 293T cells plated overnight in 15-cm dishes with polylysine (SigmaAldrich) were cotransfected with plasmids encoding the gag and pol proteins from the Moloney murine leukemia virus (M-MLV) (25 µg), coat proteins from the vesicular stomatitis virus (VSV) (5 µg), and the STAT1-IRES-EGFP construct or a control construct (MSCV) lacking the STAT1 sequence (25 µg). The retroviral supernatant was harvested at 48 hours after transfection, filtered (0.2 micron), and frozen at -70°C (23) . AGS-1 cells for infection were washed, trypsinized, seeded in a 6-well plate at 2 × 10 5 cells per well, and allowed to adhere overnight. For infection, the culture medium was removed, and 1 ml of thawed retroviral supernatant was added per well in the presence of polybrene (8 µg/ml final concentration). Plates were spun for 1 hour at 1,000 × g, incubated overnight at 37°C with 5% CO 2 , and supplemented with new media the next day. Cells were assayed 48 hours after infection by flow cytometric analysis for EGFP expression using Immunoblot analysis. Cell lysates from AGS-1, AGS-1 STAT1 , or AGS-1 MSCV cells (cultured in RPMI-1640 media supplemented with 10% FCS and antibiotics at 5% CO 2 ) were quantitated, equally loaded, separated by SDS-PAGE, and transferred to nitrocellulose. Nitrocellulose sheets were incubated with either a murine anti-STAT1 Ab (Becton Dickinson Transduction Laboratories, Franklin Lakes, New Jersey, USA) or a rabbit Ab specific for the phosphorylated (activated) form of STAT1 (anti-P-STAT1) (Cell Signaling Technology Inc., Beverly, Massachusetts, USA), followed by incubation with the appropriate HRP-conjugated secondary Ab (Becton Dickinson Transduction Laboratories). Immune complexes were detected through the enhanced chemiluminescence reaction (Amersham Biosciences, Piscataway, New Jersey, USA). Cell lysates from A451 and B16F1 cells were used as positive controls for STAT1 expression. Cell lysates from B16F1 cells stimulated with 10 4 U/ml of muIFN-α were used as a positive control for STAT1 activation.
Proliferation assay. The murine melanoma cell lines B16F1, JB/MS, and AGS-1 were plated in a 96-well plate and cultured for 18 hours in medium alone or medium supplemented with various concentrations of muIFN-α (10 1 -10 5 U/ml). Proliferation was measured by the MTT Cell Proliferation Assay as directed by the manufacturer (American Type Culture Collection, Manassas, Virginia, USA).
Flow cytometric analysis of STAT1 and phosphorylated STAT1. Phosphorylation of STAT1 in B16F1, and JB/MS tumor cells was assessed through intracellular flow cytometry (26) . Briefly, 5 × 10 5 cells were suspended in 100 µl of culture medium supplemented with increasing concentrations of murine IFN-α (1-10 5 U/ml) and incubated at 37°C for 15 minutes. Cells were then washed with cold flow buffer (PBS with 5% BSA) and fixed and permeabilized using a commercially available kit from Caltag Laboratories (Burlingame, California, USA). Upon permeabilization, cells were incubated for 30 minutes at room temperature with rabbit anti-phospho-STAT1 Ab (Cell Signaling Technology). Cells were washed with cold flow buffer and stained for 30 minutes at room temperature with 50 µl of a 1:50 diluted FITC-conjugated secondary mAb (Biosource International, Camarillo, California, USA). Cells were then washed with cold flow buffer, fixed in 1% formalin, and analyzed by flow cytometry. Intracellular staining for total STAT1 protein was performed in a similar manner using previously established methods (26) .
Flow cytometric analysis of H2k expression. H2k is upregulated after exposure to IFN-α in a STAT1-dependent manner by the ISGF-3 transcription complex (27) and in a STAT1-independent manner through NF-κB (28, 29) . Therefore, we hypothesized that loss of STAT1 would lead to reduced induction of H2k after IFN-α treatment. H2k expression was assessed in B16F1, AGS-1, AGS-1 STAT1 , and AGS-1 MSCV melanoma cells through flow cytometry using antimurine H2k FITC or PE-conjugated mAbs (Beckman Coulter, Fullerton, California, USA) after overnight stimulation with IFN-α (10 4 U/ml).
RT-PCR. Total cellular RNA was isolated using the RNeasy kit (Qiagen, Valencia, California, USA). Firststrand cDNAs were generated by reverse transcription with random primers and used for the PCR reaction. The following primers were used: murine ISG-54 (sense, 5′-ATCAAGCGTCAAGACAAGGA-3′; antisense, 5′-CATTCTTGATCCAGGAAGTGG-3′) (30) and 28s rRNA (sense, 5′-TTGAAAATCCGGGGGAGA-3′; antisense, 5′-ACATTGTTCCAACATGCCA-3′) (31) . The PCR conditions were as follows: 95°C for 5 minutes and then 29 cycles (95°C for 15 seconds, 66°C for 30 seconds, and 72°C for 1 minute) followed by a final extension of 72°C for 7 minutes. PCR products were visualized on a 1.5% agarose gel and stained with ethidium bromide under UV illumination.
Murine tumor models. An intraperitoneal model of murine malignant melanoma was used to test the effects of muIFN-α (18, 32) . Importantly, this model provides for direct contact of IFN-α and the tumor cells within the same body cavity, thus maximizing the direct antitumor effects of this cytokine. C57BL/6 mice were injected intraperitoneally with 10 6 syngeneic melanoma tumor cells (B16F1, JB/MS, AGS-1, AGS-1 STAT1 , or AGS-1 MSCV ) and randomly selected to receive either PBS or muIFN-α (2 × 10 4 U per day intraperitoneally). Mice were examined daily, and those exhibiting signs of progressive disease were euthanized through CO 2 inhalation. Survival experiments used at least six mice per group. The exact numbers of mice per group are given in the accompanying figure legends. A second model of malignant melanoma was used whereby locoregional lymph node metastases were generated through the subcutaneous injection of 5 × 10 5 B16F10 melanoma cells into the distal tail of C57BL/6 or STAT1 -/-mice (n = 10 mice per group) in a volume of 0.025 ml (33) . Mice exhibited local tumor growth within 2-3 weeks, and the majority developed palpable inguinal adenopathy by 30 days. The primary tumor was resected at this point through amputation of the tail 5-10 mm distal to the base. Beginning the next day, mice received muIFN-α (2 × 10 4 U per day Histochemical analysis of murine tumors. C57BL/6 mice and STAT1-deficient mice were injected intraperitoneally with 10 6 B16 cells and given daily treatments of muIFN-α (2 × 10 4 U per day) or PBS (control). Tumors were harvested at 7 days or 10 days, fixed in formalin solution, and embedded in paraffin. Sections (5 µm) were stained with hematoxylin and eosin and examined under a light microscope. The sections were examined and scored for proliferative index and the presence of immune cell infiltrates. The examiner was unaware of the identity of each sample.
Flow cytometric detection of peritoneal exudate cells. Peritoneal lavage of C57BL/6 mice (n = 5 per group) bearing B16 tumors was performed on day 7 after daily treatment with IFN-α (2 × 10 4 U per day) or PBS. Peritoneal exudate cells (PECs) from each mouse were collected with sterile PBS; stained with a PEconjugated anti-DX5, an APC-conjugated anti-CD3, or an appropriate isotype control antibody (BD Parmingen, San Diego, California, USA); and analyzed for the presence of NK and T cells by flow cytometry.
Cytotoxicity assays and IFN-γ ELISA. Murine splenocytes were isolated from C57BL/6 mice and STAT1 -/-mice and used as effectors against the YAC-1 murine cell lines in a standard 4-hour 51 Cr-release assay (34) . A separate assay was run using splenocytes stimulated in vitro with 10 4 U/ml of IFN-α for 18 hours as effectors against the B16F1 melanoma cell line.
Statistical analysis. Since survival data were not censored, the nonparametric Mann-Whitney U test was used to compare treatment groups on the basis of survival, with a two-sided P of less than 0.05 considered statistically significant.
Results

Characterization of a STAT1-deficient murine melanoma cell line AGS-1.
A cell line (AGS-1) was generated in STAT1 -/-mice. A melanotic phenotype was confirmed through
174
The . These data demonstrate that the AGS-1 cell line fails to regulate the expression of IFN-stimulated genes in response to IFN-α.
Antiproliferative effects of IFN-α in a STAT1-deficient melanoma cell line.
The antiproliferative effects of IFN-α on the AGS-1 cell line were tested in vitro using the tetrazolium-based MTT assay. No significant inhibition of proliferation was observed at IFN-α concentrations ranging from 10 1 -10 5 U/ml, whereas a strong antiproliferative effect was seen for the control murine melanoma cell lines B16F1 and JB/MS (Figure 2 and data not shown) .
The antitumor actions of IFN-α in a STAT1-deficient cell line.
To determine if lack of STAT1 signaling within the melanoma tumor cell interfered with the antitumor actions of IFN-α, 4-to 6-week-old female C57BL/6 mice (n = 6 mice/group) were injected intraperitoneally with 10 6 AGS-1 tumor cells and treated daily with 2 × 10 4 U per day of muIFN-α. Control mice received injections of PBS. The mean survival of mice challenged with AGS-1 melanoma cells was significantly extended by IFN-α treatment (P = 0.008), suggesting that IFN-α can enhance survival in a model in which STAT1-mediated signal transduction and gene regulation are absent within the tumor (Figure 3) . Importantly, these survival data are comparable to those obtained for STAT1-competent murine melanoma cell lines such as B16F1 and JB/MS (see Figure 6, b and d) .
Reconstitution of STAT1 signaling within the AGS-1 cell line. In order to more fully explore the contribution of tumor cell Jak-STAT signal transduction in mediating the antitumor effects of IFN-α, we infected the AGS-1 cell line with a STAT1 retroviral construct to give the AGS-1 STAT1 cell line. A control cell line (AGS-1 MSCV ) was created through infection of AGS-1 cells with the empty vector (23, 25) . The presence of STAT1 was (Figure 6a) (21) . Similar results were obtained in other tissues, including liver and kidney (data not shown). STAT1 -/-mice and strain-matched controls were injected intraperitoneally with 10 6 B16F1 melanoma cells (parental line) and then given daily injections of PBS or IFN-α. IFN-α treatments did not prolong the survival of STAT1 -/-mice challenged intraperitoneally with 10 6 B16F1 tumor cells, nor did they alter the pattern of growth or the eventual cause of death ( Figure 6, b and c) . In addition, IFN-α treatments did not prolong the survival of STAT1 -/-mice challenged with JB/MS melanoma cells when compared with PBS treatments (P = 0.68) (Figure 6, d and e) . Importantly, both the B16F1 and JB/MS cell lines are sensitive to the antiproliferative effects of IFN-α and respond to IFN-α treatment with the phosphorylation of STAT1 (Figure 2 and data not shown) .
Histochemical analysis of B16F1 tumors from PBSand IFN-α-treated normal and STAT1 -/-mice revealed a pleomorphic epithelioid melanoma with relatively abundant cytoplasm and heterogeneous cytoplasmic melanization. Appreciable tumor necrosis was observed in all conditions by day 10 of treatment. However, IFN-α-treated, wild-type C57BL/6 mice (which had prolonged survival) exhibited the least degree of tumor cell necrosis as compared with other treatment groups (Figure 7 , a-d). One possible explanation for this observation is that tumor cell necrosis was associated with rapid tumor growth in this model. Interestingly, the number of mitoses per 10 high-power fields was twofold higher for mice receiving PBS than it was for mice receiving IFN-α, regardless of whether the
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The A similar degree of necrosis was observed in PBS-treated C57BL/6 mice. Notably, the least degree of tumor cell necrosis was observed in C57BL/6 mice treated with IFN-α, which was the only group exhibiting prolonged survival.
Figure 8
Effects of IFN-α on the survival of C57BL/6 and STAT1-deficient mice bearing locoregional B16F10 metastases. IFN-α treatment (open triangles) significantly prolonged the survival of (a) C57BL/6 mice (P = 0.002) but not (b) STAT1-deficient mice (P = 0.73) bearing B16F10 locoregional metastases as compared with PBS-treated (filled circles) controls. There were 10 mice in each group.
host was of the C57BL/6 or STAT1 -/-background (data not shown). This finding suggests that the IFN-α treatments were able to exert their antiproliferative effects on the B16 melanoma equally well in both murine strains.
Effects of IFN-α in a murine model of locoregional lymph node metastases.
We next investigated the antitumor effects of IFN-α in STAT1 -/-and C57BL/6 mice that bore locoregional lymphatic metastases after the subcutaneous injection of 5 × 10 5 B16F10 melanoma cells into the distal tail. Thirty days after injection, primary tumors were amputated, and mice were randomly assigned to receive either muIFN-α (2 × 10 4 U per day) or control solution (PBS) (33) . Treatment of tumorbearing C57BL/6 mice with IFN-α prolonged survival by an average of 10 days as compared with PBS-treated mice (Figure 8a ). In contrast, IFN-α did not significantly prolong the survival of STAT1 -/-mice after the resection of established tail tumors associated with disease in the regional lymphatic basins ( Figure 8b ) (P = 0.73).
IFN-α treatment of melanoma tumors in mice depleted of NK cells.
Our results suggested that STAT1 signaling within host tissues played a major role in the antitumor actions of IFN-α in this experimental model. Since IFN-α has potent effects on the NK cell compartment, we examined immune effectors from STAT1 -/-mice for their ability to produce immunomodulatory cytokines and mediate lysis of relevant tumor targets. Splenocyte production of immunoregulatory cytokines (e.g., IFN-γ) was not appreciably altered by the loss of STAT1 (data not shown). However, unstimulated STAT1 -/-splenocytes exhibited reduced NK cell cytotoxicity against NK-sensitive murine targets when compared with splenocytes from wild-type C57BL/6 mice ( Figure 9a ). When stimulated with 10 4 U/ml IFN-α, STAT1 -/-splenocytes also showed reduced cytotoxicity against the B16F1 cell line (Figure  9b ), despite having normal numbers of NK cells in the spleen and peripheral blood (35) . These results suggested that NK cells from STAT1 -/-mice might have a reduced capacity to eliminate tumor cells in vivo.
We were therefore interested to determine whether NK cells were present within B16 tumors located in the intraperitoneal position of normal mice (36) . B16F1 tumors were harvested from PBS-and IFN-α-treated C57BL/6 mice at day 7 and analyzed for a lymphocytic infiltrate through hematoxylin and eosin staining. Tumor-infiltrating lymphocytes were infrequently observed regardless of the treatment (data not shown).
Figure 9
Deficient splenocyte cytotoxic activity in STAT1 -/-mice. (a) Unstimulated splenocytes from STAT1 -/-mice (open circles) and wild-type C57BL/6 mice (filled circles) were tested for cytotoxic activity against the NK-sensitive YAC-1 cell line in a standard 4-hour 51 Cr release assay. (b) Splenocytes from STAT1 -/-mice (open circles) and wildtype C57BL/6 mice (filled circles) were tested for cytotoxic activity against the B16F1 murine melanoma cell line in a standard 4-hour 51 Cr release assay after stimulation with 10 4 U/ml IFN-α for 18 hours. Since IFN-α has been shown to stimulate both the NK cell and T cell compartments, we conducted experiments in immunodeficient SCID mice to determine the contribution of T cells to the actions of IFN-α in this tumor model. Interestingly, tumor-bearing SCID mice exhibited significant improvement in survival in response to treatment with IFN-α (Figure 11a ). We subsequently administered IFN-α to SCID mice depleted of NK cells by pretreatment with an anti-asialo GM1 Ab (Figure 11b ). This treatment effectively abrogated the antitumor effects of IFN-α in the current model, whereas control mice exhibited prolongation of survival (Figure 11, a and c) . Taken together, these data suggest that NK cells are a major cellular mediator of the antitumor actions of IFN-α in mice bearing the B16 melanoma.
Discussion
We have examined the role of Jak-STAT signal transduction in the antitumor actions of IFN-α in the setting of malignant melanoma. In the intraperitoneal challenge model, tumor cells and IFN-α were administered concurrently into the same body cavity to maximize the direct effect of IFN-α. Even under these circumstances, we found that restoration of Jak-STAT signaling within the STAT1-negative AGS-1 tumor cell line did not enhance the antitumor effects of IFN-α. In contrast, STAT1 -/-mice could not utilize exogenous IFN-α to inhibit the growth of unmodified B16F1 or JB/MS tumor cells and succumbed to their disease at exactly the same time as did PBS-treated STAT1 -/-mice bearing the same tumor. Identical results were obtained in a second murine model of malignant melanoma in which a highly metastatic melanoma cell line (B16F10) was used to generate locoregional metastases in the inguinal lymph nodes of STAT1 -/-mice. STAT1 -/-mice exhibited normal levels of circulating immune effector cells, but splenocytes from STAT1 -/-mice exhibited a reduction in cytotoxic activity against the B16 melanoma cell line and the NK-sensitive YAC-1 cell line. Indeed, mice depleted of NK cells before the injection of B16F1 melanoma cells were insensitive to the antitumor actions of IFN-α, whereas IFN-α treatments remained effective in prolonging the survival of T cell-and B cell-deficient SCID mice bearing this tumor cell line. Analysis of IFN-treated mice revealed greater numbers of NK cells within the peritoneal exudate than in PBS-treated controls. Taken together, these data indicate that STAT1-mediated gene regulation in host tissues, specifically NK cells, is critical to the antitumor activity of IFN-α.
The original rationale for the administration of IFN-α in the setting of advanced malignancy was the observation that it had profound antiproliferative effects on a variety of tumor types (37) . Malignant melanoma cells routinely express functional IFN-α receptors and are sensitive to physiologic concentrations of this cytokine (38) . We have previously shown that ex vivo treatment of patient tumors with clinically relevant concentrations of IFN-α consistently activated STAT1 and STAT2 (39) . These observations suggested that IFN-α treatments most likely exert a direct effect on tumor cells regardless of their ability to stimulate host tissues. More recently, it was observed that some IFN-α-resistant human melanoma cell lines exhibited defects in specific Jak-STAT intermediates, which when reversed led to the recovery of in vitro sensitivity to IFN-α (40) (41) (42) . Interestingly, the most common defect appeared to be the loss of STAT1.
In contrast, our experiments with STAT1-negative tumor cells suggested that the antitumor effects of IFN-α are not appreciably enhanced after the reconstitution of STAT1 signaling in the tumor. Obviously, these results apply only to the use of IFN-α in the
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The setting of advanced disease and to these particular cell lines in the context of the intraperitoneal model. It is entirely possible that in other experimental tumors (and human cancers for that matter) the existence of an intact Jak-STAT signaling pathway may significantly enhance the antitumor activity of IFN-α (43). Importantly, Kaplan et al. (42) have demonstrated the existence of an IFN-γ-dependent tumor surveillance system in immunocompetent mice. Their experiments indicated that the actions of IFN-γ on chemically induced fibrosarcomas were mediated primarily through a direct effect on the tumor cells. The differences between this study and our own are notable. Kaplan et al. found that endogenous production of IFN-γ was needed to activate STAT1 signal transduction within the tumors so that they would develop enhanced immunogenicity and therefore be recognized by host T cells (42) . In contrast, we found that exogenous IFN-α was required to activate STAT1 signal transduction within host NK cells so that they could mediate an antitumor effect within transplanted melanoma tumors (42) . The present study does not prove that the antitumor activity of IFN-α never proceeds through a direct effect on tumor cells; however, it does indicate that STAT1-mediated gene regulation within immune cells is required in the present experimental system. IFN-α could theoretically exert a concurrent direct effect on the tumor (or the host) through the activation of alternate signaling pathways that do not employ Jak-STAT intermediates. A recent study by Gil et al. demonstrated that IFN-γ and IFN-β can both regulate proliferative responses in a STAT1-null murine mononuclear phagocytic cell line and that many genes are induced by IFN-γ in the absence of STAT1 (44) . It is possible that IFN-α may also induce specific genes in a STAT1-independent fashion (45) (46) (47) . Doublestranded RNA activated serine-threonine protein kinase is activated as part of a kinase cascade leading to serine phosphorylation of STAT1, inhibition of c-myc expression, and regulation of cellular proliferation (45, 46, 48) . IFN-α is also capable of activating NF-κB and phosphatidylinositol 3-kinase signal transduction that leads to the regulation of apoptosis (28) . However, if activation of STAT1-independent signaling pathways within either the host, the tumor, or the tumor microenvironment were critically important to the antitumor effects of IFN-α in malignant melanoma, then administration of this cytokine should have prolonged the survival of STAT1 -/-mice bearing the parental B16F1 or JB/MS melanoma cell lines. It could be argued that the present model does not exclude the potential antitumor effects of endogenously produced IFN-γ, which signals through a STAT1 homodimer; however, significant IFN-γ production in response to IFN-α has not been observed in patient studies (49, 50) , nor did we measure any IFN-γ in the serum of tumor-bearing normal or STAT1-deficient mice that received IFN-α treatments (data not shown).
Several studies in both mice (51, 52) and humans (53, 54) suggest that NK cells are important in mediating tumor rejection, particularly in response to treatment with IFN-α. It is also known that lymphocytes, including NK cells, may accumulate in tumor lesions at an early stage (14, 55) . The importance of STAT1 in mediating both IFN-α-dependent and -independent NK cell activity has also been established (15) . In the present study, depletion of NK cells or the elimination of STAT1-mediated signaling within host tissues abrogated the antitumor activity of IFN-α. These results suggested that activation of STAT1 within NK cells was responsible for the prolonged survival associated with IFN-α administration. Furthermore, we were able to detect the presence of NK cells within the PECs of IFN-treated wild-type mice bearing B16F1 tumors. We found that STAT1 -/-mice exhibited reduced splenocyte cytotoxic activity as compared with the NK-sensitive YAC1 and B16F1 cell lines in vitro. Lee et al. (15) examined basal NK cell cytotoxic activity in STAT1 -/-mice and found that although STAT1 -/-splenocytes exhibited normal levels of NK functional molecules (e.g., perforin and granzymes) and near-normal capacity for IFN-γ production and antibody-dependent cellular cytotoxicity, these cells were unable to lyse an MHC class I-deficient target in vitro. STAT1 -/-mice also failed to reject class I-deficient cells in vivo over a range of tumor inoculums in this study. Similar results were obtained in experiments with RAG1 -/-STAT1 -/-mice (which fail to develop functional T and B cells), suggesting that STAT1 may be involved in the transmission of signals required for NK cell recognition of tumor targets (15) . Thus, Jak-STAT signaling appears to be critical to the actions of NK cells both in their interactions with class I-deficient tumor cells and their elimination of established tumors after treatment with IFN-α.
In summary, these results indicate that IFN-α-mediated activation of STAT1 signaling in host tissues is sufficient to mediate an antitumor response in multiple murine models of malignant melanoma. Although there was evidence that tumor tissues were affected by the concentrations of IFN-α used in these experiments, it is apparent that transcription of STAT1-responsive genes within these malignant cells was not critical to the therapeutic actions of IFN-α. These findings suggested that examination of STAT1 signaling in host immune effectors may provide new insights into the exact molecular targets of IFN-α and the determinants of IFN-α sensitivity and resistance. Further studies of STAT1 gene regulation within specific immune cell subsets is therefore warranted.
